inhibitor T-20. Altogether, our data suggest that LFA-1 antagonists represent promising antiviral agents. Antiadhesion therapy could be considered a complementary strategy targeting cellular functions essential for HIV-1 spreading and against which the combined therapy currently used displays a limited efficacy.
Actual strategies to treat human immunodeficiency virus type 1 (HIV-1)-infected individuals make use of highly active antiretroviral therapy. It has been demonstrated that it reduces viral load, improves survival time, and decreases AIDSassociated mortality. Unfortunately, highly active antiretroviral therapy presents numerous severe drawbacks including the emergence of resistant strains, cross-resistance to other drugs within the same class, transmission of drug-resistant strains, extensive and adverse side effects for patients under treatment, and considerable costs. Therefore, the development of alternative therapeutic approaches aimed at novel targets is urgently needed.
The present work focuses on the membrane glycoprotein lymphocyte function-associated antigen 1 (LFA-1), an integrin playing crucial roles in leukocyte trafficking, inflammation, and the orchestration of the immune response. Interactions between LFA-1 and its counterreceptors, called intercellular adhesion molecules (ICAMs), initiate the immune response by strengthening the adhesion between antigen-presenting cells (APCs), such as dendritic cells (DCs), macrophages, or B cells, and CD4 ϩ T lymphocytes through the formation of the immunological synapse and by participating in leukocyte migration toward inflamed tissues or secondary lymphoid organs. LFA-1 is a heterodimeric receptor constituted of CD11a (␣ chain) and CD18 (␤ chain). LFA-1-mediated adhesion is regulated by conformational changes (affinity), lateral diffusion, and the spatial organization (avidity) of this integrin within the plasma membrane (19, 36, 54, 55, 61) .
Cell-to-cell transmission is the most rapid and potent mechanism by which HIV-1 can infect CD4 ϩ T cells (12) . Indeed, the virus takes advantage of the normal communication between immune cells for its own propagation. A virological synapse (VS) is formed by the recruitment of multiple HIV-1 receptors and coreceptors, virus-encoded gp120 and gp41, adhesion molecules, and cytoskeleton elements at the interface of HIV-1 donor and target cells, thus favoring the directed budding and fusion of newly synthesized virions. The VS can be created between infected and uninfected CD4 ϩ T cells (34, 44) as well as between DCs or other carrier cells exposed to viral particles and target T cells (1, 2, 7, 16, 59) . VS formation relies on LFA-1-mediated adhesion via ICAMs, particularly ICAM-1 and ICAM-3 (4, 30, 31, 33, 35, 51) . It has been demonstrated that interactions of LFA-1 and ICAM-1 can modulate HIV-1 transfer from immature DCs (iDCs) to CD4 ϩ T cells (51) . Moreover, the importance of interactions between LFA-1 and ICAM-1 in HIV-1 transmission has been confirmed using T cells from leukocyte adhesion deficiency type 1 patients (30) . Furthermore, interactions between LFA-1 and ICAMs play relevant roles in cell-free HIV-1 infection. Virions are efficiently released by infected cells in the external environment, and even though free viruses have a short life span (25) , a number of them can bind and productively infect target cells. The efficiency of this mode of infection is strongly increased by the incorporation of certain host molecules into the viral envelope. Indeed, it was previously shown that the insertion of host-derived ICAM-1 within HIV-1 particles significantly increases the infection process of primary human CD4 ϩ T cells expressing cell surface LFA-1 molecules (21) (22) (23) 56) .
Immune hyperactivation is an important feature of HIV-1 pathogenesis during the chronic phase of infection. Chronically infected individuals share multiple immune abnormalities, including a rapid turnover of CD4 ϩ T cells, T-cell depletion, polyclonal B-cell activation, destruction of the architecture of some secondary lymphoid tissues, and immunodeficiency. A number of these clinical manifestations share similarities with the ones observed for allergic and autoimmune diseases. Interestingly, some of those conditions are currently being treated with agents that can block interactions between LFA-1 and ICAM-1 (13, 14, 29, 32) . Given the involvement of LFA-1 in different important physiological processes, the pharmaceutical industry has devoted great efforts to the development of potent antagonists over the past decade, with the aim of treating cancer as well as multiple inflammatory and autoimmune diseases. Consequently, various classes of LFA-1 inhibitors have been tested, which has allowed the highlighting of the complex mechanism of action of this integrin in various processes such as rolling, migration, and firm adhesion. Among those compounds, statins such as lovastatin and other molecules like XVA143 have been demonstrated to antagonize LFA-1-mediated cellular adhesion in different manners. For instance, lovastatin restrains the association between LFA-1 and ICAM-1 and impairs LFA-1-mediated immune functions such as homotypic adhesion, rolling, and transmigration in addition to inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase (49) . Likewise, in the presence of XVA143, ICAM-1 interactions are not strong enough to allow firm attachment (52, 53) , but an increase of the rolling of the immune cells on the endothelium is still observed (49) .
It was previously reported that lovastatin inhibits the infection of CD4 ϩ T cells by cell-free ICAM-1-bearing HIV-1 (26, 28) . Moreover, lovastatin was also found to reduce viral load and increase CD4 ϩ T-cell counts in chronically HIV-1-infected patients (15) . Therefore, in an attempt to provide additional information on the efficacy of LFA-1 antagonists in limiting virus infection and propagation, we tested the capacity of XVA143 and lovastatin to modulate HIV-1 infection in monocultures enriched in activated CD4 ϩ T cells and in cocultures containing iDCs and autologous CD4 ϩ T cells. In addition, to investigate whether LFA-1 antagonists could help antiretroviral compounds prevent virus infection, experiments using T-20 in combination with LFA-1 antagonists were also performed.
MATERIALS AND METHODS
Antibodies and reagents. The hybridoma cell lines FB202 and FB203, which produce anti-CD11a (clone TS1/22) and anti-CD18 (clone TS1/18), respectively, were kindly provided by P. Naccache (Université Laval, Québec, Canada). The blocking anti-LFA-1 monoclonal antibody MEM25 was purchased from Exbio Praha (Vestec, Czech Republic). XVA143 and its less active analogue LAA were kindly donated by P. Gillespie (Hoffmann-La Roche Inc., Nutley, NJ), while BIRT377 and its less active analogue, BIRT378, were provided by T. Kelly (Boehringer Ingelheim Pharmaceuticals Inc., Ridgefield, CT). Lovastatin and its inactive LFA-1 analogue pravastatin were purchased from Calbiochem (San Diego, CA). Endotoxin-free dimethyl sulfoxide (DMSO) was obtained from Sigma-Aldrich (Oakville, Ontario, Canada). The fusion inhibitor T-20 was provided by the AIDS Repository Reagent Program (Germantown, MD). The Cell Trace carboxyl fluorescent succinimidyl ester (CFSE) cell proliferation kit was purchased from Invitrogen (Burlington, Ontario, Canada).
Cells. 293T cells were purchased from the American Type Culture Collection (Manassas, VA), whereas TZM-bl cells were obtained from the AIDS Reposi-tory Reagent Program. Peripheral blood lymphocytes (PBLs) from healthy donors were obtained by first isolating peripheral blood mononuclear cells (PBMCs) by Ficoll-Hypaque gradient centrifugation. Next, CD14-expressing cells (i.e., monocytes) were eliminated by adherence, and the remaining cells, which are a mix of CD4 ϩ and CD8 ϩ T cells and B lymphocytes, were called PBLs. CD4 ϩ T cells were purified from freshly isolated PBMCs by immunomagnetic negative selection (Stem Cell Technologies Inc., Vancouver, Canada). Both purified CD4 ϩ T cells and PBLs were cultured for 2 days in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) (Wisent, St-Bruno, Québec, Canada) in the presence of phytohemagglutinin (PHA) (1 g/ml) and recombinant human interleukin-2 (IL-2) (30 U/ml) before virus infection or initiation of coculture with iDCs. To obtain iDCs, monocytes (CD14 ϩ ) were purified from freshly isolated PBMCs by immunomagnetic positive selection (Stem Cell Technologies Inc.). Purified CD14 ϩ cells were cultured for 7 days in RPMI 1640 medium supplemented with 10% fetal bovine serum, granulocyte-macrophage colony-stimulating factor (1,000 U/ml), and IL-4 (200 U/ml) to obtain iDCs as previously described (27) .
Plasmids and virus production. pNL4-3 (X4) is a full-length infectious molecular clone of HIV-1 (provided by the AIDS Repository Reagent Program). pNL4-3Balenv is a plasmid where the env gene from the NL4-3 strain was replaced by that of the R5-tropic Bal strain (supplied by R. J. Pomerantz, Thomas Jefferson University, Philadelphia, PA) (18) . pCD1.8 is a eukaryotic expression vector containing the entire human ICAM-1 (a generous gift from T. Springer, the Center for Blood Research, Boston, MA). Viruses differing by only the absence (called NL4-3) or the presence (called NL4-3/ICAM-1) of hostderived ICAM-1 proteins on their surface were produced by the calcium phosphate coprecipitation method using 293T cells as described previously (22) . It should be noted that 293T cells do not constitutively express cell surface ICAM-1 (data not shown). Briefly, virus preparations devoid of host ICAM-1 were obtained upon the transfection of 293T cells with pNL4-3 alone, whereas ICAM-1-bearing virions were produced following the cotransfection of 293T cells with pNL4-3 and pCD1.8. The efficient incorporation of host-derived ICAM-1 within emerging HIV-1 particles was confirmed through the use of a previously described virus capture test (10, 41) . In some experiments, laboratory and clinical isolates of HIV-1 (i.e., 92HT599/X4 tropic and 93HT054/R5 tropic, supplied by the AIDS Repository Reagent Program) were generated upon acute infection of PHA-stimulated PBLs. Briefly, viral stocks of NL4-3, NL4-3Balenv, 92HT599, or 93HT054 (10 ng per 10 5 cells) were mixed with PHA-IL-2-activated PBLs (20 ϫ 10 6 PBLs) in a final volume of 4 ml and incubated at 37°C for 4 h. Cells were resuspended at 2 ϫ 10 6 cells per ml and incubated at 37°C for 7 days. Supernatants were filtered, and the aliquots were kept frozen at Ϫ80°C until use. Virus preparations were normalized for virion content by using an in-house enzymatic assay specific for the major p24 gag viral protein as previously described (8) .
Virus infection studies. PHA-activated PBLs (10 5 cells) were plated into 96-well flat-bottom tissue culture plates (in triplicates) and either left untreated or treated with the tested compounds at different concentrations for 30 min at 37°C. Cells were then infected with various viral preparations (i.e., NL4-3 and NL4-3/ICAM-1 produced in 293T cells as well as 92HT599 and 93HT054 expanded in PHA-stimulated PBLs) (2 ng of p24 gag /10 5 cells) in a final volume of 200 l. Cells were washed 24 h later, and cell-free supernatants were harvested at 4 and 7 days postinfection. In some experiments, LFA-1 antagonists were added 24 h postinfection. When indicated, the fusion inhibitor T-20 was added at various concentrations, in addition to the LFA-1 antagonists. Virus replication was estimated by measuring the p24 content by enzyme-linked immunosorbent assay or by incubating cell-free supernatants (75 l) with TZM-bl (10 4 cells), which is an LFA-1-negative indicator cell line that enables the sensitive and quantitative analysis of both X4-and R5-tropic HIV-1 isolates since this cell line expresses high surface levels of CD4, CXCR4, and CCR5 (45) . This technique, in contrast to the measurement of extracellular p24 content, permits assessments of the amount of infectious virus particles contained in the supernatants from infected cells. TZM-bl cells were lysed 72 h postinfection, and luciferase activity (expressed in relative light units) was monitored as described previously (22) .
Homotypic adhesion. To assess the effect of LFA-1 antagonists on CD4 ϩ T-cell aggregate formation and disaggregation, cells were first activated with the mitogenic agent PHA (1 g/ml) for 48 h to allow the activation of LFA-1 molecules and homotypic cell-to-cell adhesion. Cells were then washed, resuspended in culture medium, and transferred into 96-well plates (10 5 cells in 200 l per well). Thereafter, LFA-1 antagonists or DMSO was added at the indicated concentrations, and cells were incubated at 37°C under a 5% CO 2 atmosphere for 24 h in the presence of IL-2. The cells were examined for homotypic adhesion using a light microscope connected to a camera. Representative pictures of each well were taken at a ϫ20 magnification. The quantification of aggregation was performed with CellProfiler image analysis software.
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at Bibliotheque de l'Universite Laval on October 27, 2009 aac.asm.org Proliferation assay. iDCs (2 ϫ 10 4 cells per well) were either left untreated or treated with lipopolysaccharide (LPS) (100 ng/ml) for 24 h at 37°C and then washed with 1ϫ phosphate-buffered saline. Resting and PHA-activated CD4 ϩ T cells were labeled with CFSE (2 M) according to instructions provided by the manufacturer (Invitrogen) and kept at 37°C for 24 h. Next, CD4 ϩ T cells were washed, left untreated, or treated with LFA-1 antagonists at different concentrations or with the solvent DMSO for 30 min at 37°C and then added to DCs (i.e., iDCs or LPS-matured DCs) at a 10:1 ratio (i.e., at a final concentration of 2 ϫ 10 5 CD4 ϩ T cells per well). Under some conditions, the bacterial superantigen SEE from Staphylococcus aureus (100 pg/ml) was added in the coculture to mimic antigenic presentation. After 5 days of coculture, cells were fixed in paraformaldehyde (2%) and analyzed by flow cytometry. The proliferation analysis was performed with FCS Express software (De Novo Software, Los Angeles, CA).
Virus transfer experiments. iDCs (5 ϫ 10 4 cells) were seeded into 96-well flat-bottom tissue culture plates and pulsed for 1 h at 37°C with NL4-3Balenv (2 ng of p24 gag ). Next, cells were washed three times with phosphate-buffered saline and cocultured with CD4 ϩ T cells (1 ϫ 10 5 cells). Primary human CD4 ϩ T cells were either left untreated or treated for 15 min at 37°C with XVA143 (5 M), LAA (5 M), lovastatin (10 M), pravastatin (10 M), or the appropriate concentration of DMSO (diluent) before incubation with iDCs. Cocultured cells were washed 24 h later, and cell-free supernatants were harvested at 3 days following the initiation of the coculture. Virus production was estimated by measuring the p24 content in cell-free supernatants by enzyme-linked immunosorbent assay.
Analysis of efficacy of the drug combinations tested. The interaction between two different compounds was defined by the fractional inhibitory concentration (FIC) index (FICI) (43) . The FICI is the sum of the FIC of each of the drugs and is expressed mathematically as follows: FICI ϭ FIC A ϩ FIC B ϭ (IC 50 drug A in combination /IC 50 drug A alone ) ϩ (IC 50 drug B in combination / IC 50 drug B alone ). The 50% inhibitory concentrations (IC 50 s) of the drug alone and in combination were calculated by nonlinear regression analysis using Prism software. Synergy is present when the effect of the drug combination exceeds the additive effect of the individual compounds (i.e., FICI Ͻ 0.8), partial synergy or an additive effect is seen when the effect of the drug combination is equal to that of the sum of the individual components (i.e., 0.8 Ͻ FICI Ͻ 1.25), and an antagonistic effect is observed when the effect of the drug combination is reduced compared to that of the most effective compound (i.e., FICI Ͼ 1.25).
Statistical analysis. Analysis was performed by one-way analysis of variance or matched-pair t test. P values of less than 0.05 were considered to be statistically significant.
RESULTS

Lovastatin reduces infection with both HIV-1 particles lacking host-derived ICAM-1 and ICAM-1-bearing virions.
In order to corroborate the capability of the LFA-1 antagonist lovastatin to control HIV-1 replication, X4-tropic NL4-3 virus stocks either lacking (i.e., NL4-3) or bearing (i.e., NL4-3/ ICAM-1) host-derived ICAM-1 were produced upon transient transfection in 293T cells and used to infect primary human cells (i.e., PBLs). Target cells were initially pretreated with the drug diluent DMSO (as a control), lovastatin, or pravastatin before virus infection. Statins such as lovastatin and pravastatin act as inhibitors of HMG-CoA reductase. However, some statins like lovastatin can also interfere with interactions between LFA-1 and ICAM-1, a process leading to a modulation of T-cell activation. The LFA-1 inactive analogue pravastatin, which does not affect LFA-1-mediated adhesion, was used to estimate the fraction of inhibition that is due to the effect on HMG-CoA reductase. Results depicted in Fig. 1A indicate that virus replication is inhibited in a dose-dependent manner by lovastatin but is almost unaffected by pravastatin. Interestingly, comparable IC 50 s were obtained in the presence of lovastatin when the two tested virus preparations were used (i.e., NL4-3 and NL4-3/ICAM-1). The colorimetric MTS cell proliferation assay revealed that the observed reduction in the level of virus production is not due to cell toxicity since cellular viability remains the same in the presence of all tested concentrations of lovastatin (data not shown). To provide physiological significance to our results and considering that clinical isolates of HIV-1 are less susceptible than laboratory strains to some antiretroviral drugs that target, for example, early steps in virus replication, similar studies were performed with two field isolates of HIV-1 displaying distinct tropisms (i.e., 92HT599/X4 and 93HT054/R5). It should be noted that both field isolates of HIV-1 were produced in natural cellular reservoirs (i.e., mitogen-stimulated PBLs) to more closely parallel natural conditions. Interestingly, previous studies revealed that HIV-1 particles expanded in such primary human cells are known to incorporate various host-derived constituents including ICAM-1 (5, 8, 9, 11, 57) . Again, lovastatin leads to a dose-dependent inhibition of 92HT599 and 93HT054 replication ( Fig. 1B) , which provides additional credence to our findings. It also seems that lovastatin is affecting primarily cell-to-cell virus transmission since virus production is similarly affected when treatment is taking place either 30 min before or 24 h following virus infection (Fig. 1C) .
The LFA-1 inhibitor XVA143 is more efficient at inhibiting infection with ICAM-1-bearing virions. Since lovastatin exerts multiple physiological effects, notably on cholesterol metabolism through an inhibition of the HMG-CoA reductase, we repeated the above-described experiments with a more specific LFA-1 antagonist. XVA143 has been demonstrated to be a powerful agent that blocks LFA-1-mediated firm adhesion without affecting HMG-CoA reductase (49) . Accordingly, we investigated the ability of XVA143 to limit HIV-1 infection. Data from our experiments indicated that the XVA143 compound can also inhibit the replication of both NL4-3 and NL4-3/ICAM-1 virus stocks in PBLs ( Fig. 2A ). However, a statistically significant difference between the IC 50 s of the two virus preparations tested was seen in the presence of XVA143 (P ϭ 0.02). Indeed, the replication of ICAM-1-bearing virus is more sensitive to XVA143 (i.e., IC 50 ϭ 8 nM) than isogenic virus that lacks host-derived ICAM-1 (i.e., IC 50 ϭ 24 nM). The less active analogue of XVA143, LAA, was used as a control, and virus replication was unaffected by similar concentrations of this compound. The LFA-1 antagonist XVA143 is also very efficient at controlling infection with clinical isolates 92HT599 and 93HT054 (mean IC 50 s from seven donors of 4.5 nM and 3 nM, respectively) ( Fig. 2B ). In agreement with what was seen with lovastatin, the LFA-1 antagonist XVA143 also exerts its effect mostly on cell-to-cell virus transfer because the IC 50 s were not significantly affected when the compound was added 24 h following HIV-1 infection (Fig. 2C ). The process of infection with virions lacking the adhesion molecule ICAM-1 is also affected by the two LFA-1 antagonists lovastatin and XVA143. Antiviral activity was seen in cells pretreated for 30 min before the addition of viruses or cells treated at 24 h postinfection (data not shown). These findings further support the idea that LFA-1 antagonists affect primarily cell-to-cell virus propagation events. The XVA143-mediated inhibition of HIV-1 replication is not due to cell toxicity, since cellular viability as monitored by the MTS test remained unchanged in the presence of all tested concentrations of XVA143 (data not shown).
LFA-1 antagonists affect cell cluster formation in response to mitogenic stimulation as well as DC-induced T-cell proliferation.
We next tried to shed light on the putative mechanism(s) by which the LFA-1 antagonists studied can exert their antiviral action. Given that the VS is considered an efficient process for viral dissemination, and LFA-1-mediated adhesion plays a crucial role in this cell-to-cell communication, we addressed the possibility that LFA-1 antagonists prevent this phenomenon. To this end, CD4 ϩ T cells were activated with the mitogenic agent PHA, which is known to induce LFA-1mediated homotypic cell-to-cell adhesion. Cells were then treated with different concentrations of XVA143 or lovastatin to evaluate the ability of the LFA-1 antagonists to alter aggregate formation and trigger the disaggregation of cell clusters. We observed that XVA143 disrupts preformed cell clusters and also prevents the formation of new ones (Fig. 3A) . This observation was made when doses of XVA143 ranging from 5 to 5,000 nM were used (Fig. 3B ). Homotypic cell-to-cell adhesion was less efficiently reduced by lovastatin. As expected, controls consisting of samples treated with DMSO and the less active analogues LAA and pravastatin have no effect on the formation of cell clusters in PHA-activated PBLs.
Considering that LFA-1 antagonists affect cell-to-cell adhesion and since T-cell activation following immunological synapse formation relies heavily on interactions between LFA-1 and ICAM-1, we next investigated whether XVA143 and lovastatin can impair DC-mediated T-cell proliferation. This is based on the idea that DCs are known to be very potent at generating the proliferation of resting T cells. Quiescent and PHA-activated CD4 ϩ T cells were labeled with the stably integrated fluorescent probe CFSE to estimate cell division. Next, such cells were either left untreated or treated with LFA-1 antagonists and then cocultured with iDCs or LPStreated DCs in absence or presence of LPS or SEE. In our experiments, LPS was used to trigger the maturation of DCs and to promote the activation of resting CD4 ϩ T cells, whereas the superantigen SEE will cause massive polyclonal T-cell proliferation when presented by APCs such as DCs. As expected, 
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at Bibliotheque de l'Universite Laval on October 27, 2009 aac.asm.org a significant DC-mediated proliferation of resting CD4 ϩ T cells was obtained with LPS and SEE when used individually, and cellular proliferation could not be achieved in alreadyactivated CD4 ϩ T cells (i.e., PHA treated) except when the two agents were used in combination (Fig. 3C) . Normal T-cell functions were affected by LFA-1 antagonists since the percentages of resting CD4 ϩ T cells in division are notably reduced in the presence of XVA143 and to a much lesser extent by lovastatin. These data suggest that the contact between the two cell types (i.e., DCs and CD4 ϩ T cells), which is required for T-cell priming, is affected by the LFA-1 antagonists. DC-mediated HIV-1 transfer is strongly reduced by lovastatin and XVA143. We also investigated whether the two tested LFA-1 antagonists could affect HIV-1 transmission from iDCs to autologous CD4 ϩ T cells. For this purpose, iDCs were initially pulsed with HIV-1 and extensively washed to eliminate unadsorbed viruses. Next, autologous PHA-activated CD4 ϩ T cells, which were either left untreated or treated with the different compounds, were then cocultured with virus-loaded iDCs to allow virus transfer. We tested concentrations of LFA-1 antagonists that can potently prevent infection with cell-free virions and also impair cell-to-cell interactions (i.e., 5 M for XVA143 and 10 M for lovastatin). Results illustrated in Fig. 4 indicate that virus transmission is markedly affected by both lovastatin (98% Ϯ 0.9% inhibition) and XVA143 (88% Ϯ 3% inhibition). Virus transfer was also modulated by the less active analogue LAA (i.e., 35% Ϯ 14%) but to a lower extent than with XVA143. Pravastatin, which has no impact on LFA-1-mediated adhesion, also affects viral transfer (50% Ϯ 5%), therefore suggesting an involvement of HMG-CoA reductase in this phenomenon.
Positive drug interactions between LFA-1 antagonists and T-20. The entry inhibitor T-20 (enfuvirtide; Fuzeon) is currently administered in combination therapy to treat individuals infected with multidrug-resistant viral strains. The potency of HIV-1 entry inhibitors in inhibiting cell-to-cell HIV-1 transmission is still poorly known. However, it was recently reported that virions carrying host-derived ICAM-1 are two-to fivefold less sensitive to T-20 than viruses lacking this cell adhesion molecule (6) . The next set of investigations was thus aimed at defining whether the antiviral activity of T-20 could be potentiated by an LFA-1 antagonist. In contrast to more traditional approaches for measuring drug combination efficacies, which rely on established cell lines, we performed our work with primary human cells to more closely parallel natural conditions. As expected, we obtained a certain donor-to-donor variation, and it is thus more complicated to select compound concentrations for the pairing. For this study, we first selected the mean concentration from different donors and viral preparations resulting in a 50% inhibition of infection to select the dose response. Next, we included two lower and two upper concentrations in order to have five different concentrations. We tried various combinations in order to obtain a good nonlinear regression curve and calculated the IC 50 s of the drugs when used alone and in combination. Results presented in Fig.  5 represent the best conditions found.
Briefly, cells were pretreated with different concentrations of T-20 and LFA-1 antagonists, used either alone or in combination, and then infected with the two clinical variants 92HT599 and 93HT054. Finally, virus production was monitored by inoculating TZM-bl indicator cells with culture supernatants from such treated PBLs. Data shown in Fig. 5 demonstrate that To determine the precise nature of these interactions (i.e., additive or synergistic), we estimated the FICI, which is the ratio of the IC 50 of the combination of drugs to that of the drug of interest alone. Overall, the FICIs of three independent experiments indicate that XVA143 synergizes with T-20, whereas lovastatin demonstrates partial synergistic/additive effects (Table 1) .
FIG. 4. HIV-1 transmission from iDCs to CD4 ϩ T cells is significantly diminished by LFA-1 antagonists. iDCs (5 ϫ 10 4 cells) were initially seeded into 96-well flat-bottom tissue culture plates and pulsed with NL4-3Balenv for 1 h at 37°C (2 ng of p24 gag ). Next, cells were washed to remove excess virus and cocultured with autologous CD4 ϩ T cells (1 ϫ 10 5 cells) that had previously been either left untreated or treated with XVA143 (5 M), LAA (5 M), lovastatin (10 M), pravastatin (10 M), or the appropriate dilutions of DMSO for 15 min at 37°C. Cocultured cells were washed 24 h later, and cell-free supernatants were harvested 3 days following the initiation of the coculture. 
DISCUSSION
In the present study, we demonstrate that the impairment of LFA-1-ICAM-1 interactions with LFA-1 antagonists can reduce infection with cell-free HIV-1 particles and cell-to-cell virus transmission. In addition, we report that the combination of LFA-1 antagonists and the fusion inhibitor T-20 produces synergic or additive/synergic activity. A major strength of this study is that the antiviral efficacy of LFA-1 antagonists was not assessed in artificial cell systems (i.e., established cell lines) but in a more relevant experimental model. Indeed, all experiments were performed under conditions as close as possible to in vivo conditions, namely, in primary human target cells and using viral strains expanded in PBLs. However, this model system comes with a major caveat, that is, the intrinsic variability between the tested donor samples.
Our data indicate that XVA143 is more effective than lovastatin at reducing infection with cell-free viruses. This observation is not surprising since XVA143 was specifically designed to be an inhibitor of LFA-ICAM-1 interactions through a disturbance of firm adhesion between these two molecules (38, 50) . Under our experimental conditions, the superior antiviral activity of this LFA-1 antagonist is most likely associated with its greater ability to inhibit LFA-1-mediated cell-to-cell aggregation. It is well known that homotypic adhesion between CD4 ϩ T cells is due mostly to LFA-1 and ICAM-1 interactions (20, 47) . Several stimuli can promote LFA-1 adhesiveness including the lectin PHA, which cross-links different cell surface molecules including the T-cell receptor and triggers a signaling cascade mimicking antigen presentation. These signals conduct in the generation of second messengers that increase the avidity of LFA-1 and therefore adhesiveness to ICAMs (20, 40, 60) . Our findings revealed that XVA143 and lovastatin, in a much less effective manner, promote the disaggregation of PHAinduced cell-to-cell adhesion. These results are perfectly in line with data from a recent study showing that the LFA-1 inhibitors XVA143 and LFA878 (the latter is a lovastatin-derived compound) prevent the homotypic adhesion of NK cells and promote the disaggregation of existing NK cell clusters (65) . It is also well documented that the stabilization of the contact between APCs and T cells during antigenic presentation is mediated mostly by interactions between LFA-1 and ICAM-1. As expected, we show here that LFA-1 antagonists also alter the DC-mediated proliferation of resting CD4 ϩ T cells in the presence of LPS and SEE. These results are consistent with other previously reported results showing that statin-derived compounds and XVA143 impair T-cell and NK cell activation as well as proliferation through an inhibition of LFA-1-mediated adhesion (64, 65) .
Considering that cell-to-cell transmission is the most efficient way used by HIV-1 for its propagation and since the stabilization of the cell-to-cell adhesion process is mediated mostly by interactions between LFA-1 and ICAM-1 (3, 34, 35, 48) , we have further investigated the potential inhibitory effect of LFA-1 antagonists on the formation of VSs between CD4 ϩ T cells. Based on our results, we propose that XVA143 is affecting later steps in the virus life cycle, such as the creation of the VS and virus-mediated syncytium formation. Both the VS and syncytia are thought to play an important role in HIV-1 spreading between live cells, because the dissemination of this retrovirus is estimated to be at least 2 to 3 orders of magnitude more efficient when cells can physically interact with each other (12, 17) . Interestingly, interactions between LFA-1 and ICAM-1 are also needed to facilitate HIV-1-induced syncytium formation (21, 33, 63) . However, our results are in conflict with data from a recent study demonstrating that although interactions between LFA-1 and ICAM-1 strongly facilitate cell-to-cell contacts that promote HIV-1 transmission, viral transfer between virus-infected effector T cells and quiescent CD4 ϩ T cells can occur even in the absence of LFA-1-ICAM-1 interactions (46) . The conclusions made by those authors were based mainly on results obtained by using MOLT T cells as HIV-1 effector cells and primary resting CD4 ϩ T cells as acceptor cells in the presence of anti-LFA-1 or anti-ICAM-1 antibody. While that study is complete and well described, those authors did not provide any functional assay proving that the anti-LFA-1 and anti-ICAM-1 antibodies used in their work impaired LFA-1-mediated cell-to-cell adhesion and/or blocked the adhesion of their cells onto ICAM-1-coated plates. Moreover, cells were not pretreated with their tested antibodies before initiating the coculture step with acceptor cells. Thus, there is a possibility that interactions between LFA-1 and ICAM-1 are taking place despite the presence of the studied antibodies. In our study, when T cells were pretreated with the XVA143 before or 24 h after the addition of the viruses (i.e., virions lacking or bearing host-derived ICAM-1), the level of HIV-1 replication was strongly reduced, therefore confirming that LFA-1-mediated cell-to-cell contacts play an important role in HIV-1 spreading.
Responses of a different magnitude were obtained with the other LFA-1 antagonist tested, i.e., lovastatin. Indeed, lovastatin displays a lower capacity to control acute HIV-1 infection of CD4 ϩ T cells. Similar results were obtained with another LFA-1 inhibitor (i.e., BIRT377), which blocks LFA-1 in its inactive form as lovastatin (data not shown). This is perhaps related to some unique features of this class of LFA-1 inhibitors, which exert a smaller effect on LFA-1 molecules when they are partially activated. Surprisingly, lovastatin displays a higher efficiency than XVA143 in DC-mediated virus transfer. Given that lovastatin can inhibit both LFA-1-mediated adhesion and HMG-CoA reductase activity while XVA143 can abrogate interactions between LFA-1 and ICAM-1 without affecting HMG-CoA reductase, it can be proposed that the superior activity of lovastatin with respect to DC-mediated HIV-1 transfer is most likely due to the inhibitory effect of lovastatin on HMG-CoA reductase. This hypothesis is supported by our findings that pravastatin, which affects only HMG-CoA reductase, can reduce HIV-1 transfer from iDCs to CD4 ϩ T cells by 50%, while it has no impact on cell-free HIV-1 infection as well as on cell-to-cell transmission between CD4 ϩ T cells (data not shown). The inhibition of HMG-CoA reductase has been shown to affect the mevalonate pathway, leading to the impairment of cholesterol synthesis and other isoprenoid intermediates, which are added during the posttranslational modification of various signaling proteins, like Gand Ras-like proteins, involved in cytoskeleton remodeling and endocytosis (37, 39, 62) . Therefore, it can be postulated that a disruption of the mevalonate pathway by lovastatin or pravastatin perturbs the signaling cascade involved in iDC-mediated HIV-1 transmission that is independent of LFA-1-mediated cell adhesion.
Our in vitro evaluation of the anti-HIV-1 interactions between LFA-1 antagonists and T-20 revealed a synergy taking place with XVA143 and an additive/synergistic effect with lovastatin. Similar observations were made with another entry inhibitor, the CXCR4 inhibitor AMD-3100 (data not shown). It remains unclear whether the antiretroviral drugs targeting binding and fusion events can keep their full inhibitory effect when viruses are transmitted at the interface between infected and uninfected cells. Interestingly, it was recently reported that the fusion inhibitor T-20 is much less effective against cell-tocell HIV-1 transfer than against infection with cell-free virus (58) . Consequently, by limiting cell-to-cell contact, particularly in the context of a hyperactivation of the immune system, antiadhesion compounds could cooperate with the current antiretroviral drugs to reduce HIV-1 infection and dissemination. Furthermore, this drug combination should reduce the emergence of drug-resistant viral strains and improve the treatment of infected individuals. The potential use of LFA-1 antagonists in addition to the current combination of antiretroviral therapy is supported by our findings that the concentration of T-20 necessary to reduce virus production by 50% is approximately four times lower in the presence of LFA-1 antagonists.
Altogether, the data presented in this study lead us to propose that treatment with LFA-1 antagonists might help to control virus replication both by reducing infection with cellfree virions and by limiting the cell-to-cell transmission of HIV-1. Virus production might also be affected by a more indirect process based on the idea that LFA-1 antagonists could reduce the well-described immune hyperactivation state seen in chronically HIV-1-infected individuals. Indeed, a chronic activation of the immune system leads to a rapid turnover of CD4 ϩ T cells, T-cell depletion, polyclonal B-cell activation, destruction of the architecture of some secondary lymphoid tissues, and immunodeficiency. A number of these clinical manifestations share similarities with the ones observed for allergic and autoimmune diseases. Interestingly, some of those conditions are currently being treated with agents that block interactions between LFA-1 and ICAM-1 (13, 14, 29, 32) . Interestingly, we report here that LFA-1 antagonists significantly reduce the DC-mediated proliferation of resting CD4 ϩ T cells. This feature is expected to further decrease virus production in HIV-1-infected patients by diminishing the persistent immune activation state seen in infected individuals. LFA-1 antagonists can also be useful in the context of an HIV-1 infection to decrease the migration of virus carrier cells like DCs and macrophages to lymphoid organs, reduce the nonspecific generation of effector CD4 ϩ T cells through the stimulation of APCs, diminish the recruitment of permissive CD4 ϩ T cells in infected tissues, and abrogate the nonspecific killing of immune and nonimmune cells by cytotoxic T lymphocytes, all phenomena thought to be responsible for the destruction of cells and tissues in HIV-1-infected patients. Obviously, this treatment should not be given during the acute infection phase to avoid interfering with the establishment of an effective antiviral response, which requires the formation of the immunological synapse between DCs and T cells. In other respects, LFA-1 antagonists could be considered for microbicide cocktails to prevent HIV-1 transmission and primary in-fection. These drug combinations are usually designed to inhibit the first steps in the viral life cycle. The use of antiadhesion compounds might prevent the binding of viruscarrying and/or virus-infected immune cells from semen to mucosal epithelial cells and DCs. Moreover, by reducing the migration of virus-loaded immune cells from mucosal tissues to lymph nodes, antiadhesive molecules should limit HIV-1 dissemination.
It is well established that HIV-1 infection upregulates the expression of both ICAM-1 and LFA-1 in lymphoid tissues and PBLs (24, 42) . Moreover, systemic immune activation is detected in HIV-1-infected persons, and LFA-1-mediated adhesion plays a dominant role in HIV-1 infection and dissemination processes. Consequently, the use of LFA-1 antagonists represents an avenue worth exploring for therapeutic intervention.
